The three-dimensional structure of the regular surface layer of Bacillus sphaericus P-1 (T-layer) was determined to a resolution of ca. 2.5 nm by electron microscopy and image analysis. The T-layer has P4 symmetry, a lattice constant of 13 ± 0.2 nm, and a thickness of ca. 8 nm. The reconstruction revealed three distinct domains: a major, a minor, and an arm domain. In the z-direction, the domains are arranged in two planes creating two different surface reliefs.
MATERIALS AND METHODS
T-layer from B. sphaericus P-1 was kindly donated by J. Dubochet and was prepared as described by Aebi et al. (1) .
Electron microscopy. Negatively stained specimens were prepared as follows. The T-layer suspension was deposited onto an air-glow-discharged carbon-coated grid. After 30 s, a drop of 2% phosphotungstic acid (pH 7.0) solution was added. Excess liquid was blotted with a filter paper, and the grid was dried in air. Micrographs were taken in a Philips EM400T electron microscope equipped with a eucentric stage, using the Philips low-dose unit for off-specimen focusing and astigmatism correction. The micrographs in the tilt set were recorded either on the same specimen or on different specimens.
Freeze-dried specimens were prepared as described earlier (13) . A drop of T-layer suspension was applied to an air-glow-discharged carbon-coated grid. After 30 s, the excess was partially removed with a filter paper, and the grid was plunged into liquid nitrogen. Eight grids were then mounted into a Reichert holder and transferred into a Reichert cryofract. In the cryofract, the grids were main-* Corresponding author.
tained at -80°C for 1 to 2 h and then shadowed with a 1.0-to 2.0-nm-thick tungsten-tantalum layer at a 450 elevation angle.
Computing. Micrographs to be processed were selected by optical diffraction. All micrographs processed diffracted to better than 0.3 nm-1. Micrographs were scanned with an Optronics P-100 densitometer at 25-,um raster, corresponding to a 0.7-nm pixel size. Calculation of Fourier transforms and indexing of the reciprocal lattices for peak selection was carried out as described previously (11) .
Three reconstructions were calculated. The first was calculated from a tilt data set recorded on the same negatively stained T-layer. This set was constituted by 23 microgaphs of the negatively stained T-layer tilted from -60°to +60°w ith a 50 interval. The second was obtained from a tilt data set recorded on different T-layers. This set contained data from 34 micrographs tilted from 00 to 700 with a 100 interval below 300 and a 5°interval above 30°. Tilts higher than 600
were obtained by bending the grid. The third set was obtained by combining the two data sets. In all cases, each set of data was refined to a common phase origin in reciprocal space. The refined phases fall within 350 for all micrographs constituting the set. Refinement of phases and amplitude scaling were carried out between reflections closer than nm (30 nm)-1 in reciprocal space. This was done for the first set using the two-sided plane group pl (6) , and then, since the phase behavior corresponds closely to that of P4 symmetry, the refinement was carried out in space group P4. Data from the combined tilted images were used to plot variations of amplitude and phase in the z* direction. These curves were fitted by hand and interpolated at intervals of nm (30 nm)-1. Three-dimensional Fourier syntheses were then calculated in space group P4. Figure 1 shows some of the micrographs used for the three-dimensional reconstruction. The 00 tilt micrographs of negatively stained T-layer ( Freeze-dried and shadowed T-layers show either a rough or a smooth structure (Fig. 2) . As described previously (9), these two structures correspond to opposite sides of the T-layer. The optical diffraction of the rough surface extends as in the case of negatively stained T-layer to the seventh order (Fig. 2, insert) . From the shadow length of a single T-layer, the layer thickness can be estimated to be 7 + 2 nm.
RESULTS
Three three-dimensional reconstructions were calculated. The first was carried out with a tilt data set recorded on the same specimen. The second was done with a data set recorded on different crystals to minimize beam damage. The results of these reconstructions being similar, the two data sets were combined. Typical lattice lines are shown in Fig. 3 . Figure 4 shows nine central sections of the Fourier synthesis of the interpolated lattice lines. Density maps were contoured at a level where a clear edge to the structure was apparent in the direction perpendicular to the plane of the cell wall. Assuming values of 810 daltons/nm3 for hydrated protein density (10), the lower contour level we used defines a unit cell volume containing 60% of a T-layer tetramer weight. Figure 5 shows the projection of the three-dimensional reconstruction as well as different sections perpendicular to the plane of the layer.
A hidden surface representation of the three-dimensional reconstruction is shown in Fig. 6 . The thickness of the reconstructed T-layer is 8 to 9 nm. As expected from the shadowing data (Fig. 2) , three-dimensional reconstruction of negatively stained T-layer displays a smooth and a rough surface. According to Aebi et al. (1), the T-layer structure can be divided into three domains: a major domain (M), a minor domain (m), and an arm (A). These domains are shown with arrows in Fig. 6 . In the direction perpendicular to the plane of the layer the structure can be divided into two halves. The first half contains only the major domain; the second half contains both minor and arm domains.
At the resolution of our reconstruction it is not possible to determine whether the central channel in the major domain is fully open or closed in its apical area. If this channel is open, its opening diameter is less than 2.0 nm.
DISCUSSION
The projected structure of the B. sphaericus P-1 T-layer has been extensively studied (1, 9, 12, 15) . So far, the only available three-dimensional information has been deduced from freeze-dried and shadowed T-layer images (9, 15) . In this work, we present a three-dimensional reconstruction calculated from tilted negatively stained T-layer images. Since unstained and negatively stained T-layer projections are similar (12) , it is reasonable to assume that negative staining does not introduce major artifacts into the T-layer native structure. This reconstruction shows that the major, minor, and arm domains (1) are located in different planes. The minor domain is made of conelike structures having a height of ca. 3 nm. The arm domain is slightly thicker than the major domain (ca. 4 nm). Both arm and minor domains form a densely packed domain. The major domain protrudes about 4 or 5 nm from the arm domain. The three-dimensional reconstruction of negatively stained T-layer thus displays a rough surface on one side and a smoother surface on the other. This is in agreement with the results of shadowing experiments (9, 15) .
By following the connectivity of highest density through the three-dimensional reconstruction it should be possible to outline the shape of individual subunits. Although this is possible in the arm and minor domains, the resolution of our reconstruction is not sufficient to outline clearly the individual subunits in the major domain. The propositions made by Aebi et al.
(1) about negatively stained T-layer projections are compatible with our three-dimensional reconstruction.
The T-layer of B. sphaericus P-1 has a structure similar to that of the closely related species Sporosarcina ureae, and freeze-etching shows that the layer rough surface faces the bacteria cell wall (4). It is therefore reasonable to extrapolate the freeze-etching results obtained with Sporosarcina ureae to B. sphaericus P-1. The dome-shaped major domain is then in interaction with the cell wall constituent. Minor and arm domains form a basketlike structure raised away from the cytoplasm. Such a feature seems to be characteristic for most S-layers (2, 3, 18) . In the case of the T-layer the basketlike structure is highly perforated. The diameter of the channels is less than 3 nm. These relatively small openings are in agreement with the hypothesis stating that S-layer function is a selective molecular barrier (16, 17) . VOL. 168, 1986 on October 28, 2017 by guest http://jb.asm.org/ Downloaded from T-layer, knowledge of a higher-resolution structure is necessary. We hope, nevertheless, that comparison of the T-layer structure with that of other S-layers will provide some information on the cell wall function.
